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Abstract - The noise voltage in the reference or ground of a 
printed circuit board is often the cause of unwanted radiated 
emission. Power supply planes attribute to the noise voltage. 
By replacing the power supply planes by tracks, the noise 
voltage in the reference or ground can be considerably re-
duced, which leads to a dramatic reduction of the radiated 
electromagnetic fields. This has been shown using transmis-
sion line equations for a general two-conductor line. Simula-
tion and measurements results confirm the beneficial effect of 
removing power planes. A reduction of 50 dB in radiated 
electromagnetic field strength was obtained. The question 
was raised whether (or not) the signal integrity is negatively 
influenced by using power tracks instead of planes. Several 
printed circuit boards have been built and measured, showing 
that signal integrity remains while reduction of radiated emis-
sion is achieved.   
INTRODUCTION 
Unwanted radiated electromagnetic fields are often created by 
unwanted antenna currents, generated by a noise voltage in 
the reference (ground) conductor. The focus has been on re-
ducing the net partial inductance of the reference so that the 
noise voltage is reduced (for example [1],[2],[3],[4],[5] and 
many, many others). This conventional model is not valid for 
high frequencies where the longitudinal dimensions of a prod-
uct are in the order of magnitude of a wavelength. The con-
clusion drawn is that a (unbalanced) transmission line should 
be, geometrically seen, asymmetrical [6], [7]. This assump-
tion can be extended to power planes too, leading to the con-
clusion than power planes should be omitted in order to re-
duce radiated emission. This effect has been presented in [8]. 
The cause of unwanted longitudinal noise voltage is described 
shortly, and applied to power planes. New printed circuit 
boards have been built to measure the effects of power planes, 
power tracks, various decoupling schemes on radiated emis-
sion as well as signal integrity. 
NOISE VOLTAGE 
The conventional model for the open circuit longitudinal 
noise voltage Unoise  due the signal current flow through a fi-
nite impedance of the reference (ground) is 
 noise noise sigU Z I=  (1) 
with  
 j
netnoise g g g
Z Z R Lω= = +  (2) 
with Rg as the resistance of the reference (ground) and  
netg
L as the net partical inductance of the reference. 
The conventional model (1) would imply a higher noise volt-
age with increasing frequency. This does not correspond with 
actual situations where at higher frequencies the noise voltage 
is flat with a sinx/x behavior.  
In [6] and [7] a better model has been developed using trans-
mission line theory, called Signal to Noise Transformation 
(SNT), resulting in: 
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with  Us   signal voltage 
 Zs  source impedance 
 γs  propagation constant 
 p  length transmission line 
 q  length common in reference 
and 
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If the length of the transmission line p and the part shared 
with the environment q is less than a fraction of a wavelength 
, / 2 rp q λ π ε<  and if netg gR Lω£ , and if 
nets l g
Z Z Lω?+ then (3) can be simplified to 
 
j
netgnoise
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U Z Z
ωª +  (5) 
which is similar to the conventional noise voltage equations.  
The interesting part is however at high frequencies, when the 
length of the transmission line p and the part shared with the 
environment q is in the order of or longer than a wavelength, 
i.e. , / 2 rp q λ π ε≥ . Then we need the complete SNT 
equation (3). Due to the forward and backward travelling 
waves the noise voltage is nearly flat with increasing fre-
quency with addition and subtraction effects (resonances and 
anti-resonances).  
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If l s cZ Z Z= = then (3) reduces to 
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and the amplitude is maximal if  (2 1)q nsγ π= -  for      
n=0, 1, 2…., i.e. if  ( 1/ 2) /q n fυ= - , resulting in the 
maximal noise voltage of 
 netgnoise
 s loop
LU
U L
=  (7) 
In other words, the longitudinal noise voltage developed in 
the ground conductor is determined by the net partial induc-
tance of that ground conductor divided by the total loop in-
ductance of the transmission line. This means that a (unbal-
anced) transmission line should be, geometrically seen, 
asymmetrical to reduce the noise voltage [6], [7]. 
 
CONVENTIONAL POWER DISTRIBUTION 
Power distribution networks are generally low impedance 
conductors (planes) so that the longitudinal voltage drop be-
tween two units is minimal. A cross-section of a typical 4-
layer multi-layer PCB is drawn in Figure 1, left. VCC denotes 
the power plane, Sig1 and Sig2 the signal track planes and 
GND the ground plane. The instantaneous signal current gen-
erated by the device in the signal line has to be supplied by 
the decoupling capacitor. This current will generate a noise 
voltage in the ground system through the net partial induc-
tance of the ground plane. In case of a lack of a nearby placed 
decoupling capacitor the instantaneous signal will be supplied 
by the power planes. 
 
 
 
 
Figure 1: Cross-section of PC with symmetrical  and asymmetri-
cal power distribution system 
The total noise voltage is the sum of Unoise, power ,               
Unoise, decoupling, and Unoise, signal  noise voltages, as shown in 
Figure 4. The signal noise voltage Unoise, signal can be reduced 
by using large ground planes and nearby placed small signal 
tracks, in order to increase the asymmetry [8], [10], [11]. The 
noise voltage due to the decoupling current can be reduced by 
placing the decoupling capacitor nearby, without making use 
of the reference (ground) plane. 
The noise voltage Unoise, power is, as a first order assumption, 
created by the instantaneous supply current  isI  and the im-
pedance of the reference (ground) plane noiseZ : 
 ,noise power noise isU Z I=  (8) 
This simple, conventional, model leads to the same limited 
conclusions as drawn in the last two decade for the noise volt-
age due to signal line currents: reduce the impedance of the 
reference to reduce the noise voltage. We have shown that the 
noise voltage at high frequencies is not determined by the 
absolute impedance of the reference plane, but by the geomet-
rical asymmetry of the transmission line system. This obser-
vation would imply the use of power supply tracks instead of 
supply planes. Eventually small ferrite beads can be placed in 
series with the power track so that the inductance will in-
crease even more. This has been drawn in Figure 1, right. 
SIMULATION RESULTS 
A simulation has been carried out. The transmission line was 
assumed to be 300 mm long, 50 mm wide ground plane. If a 
50 mm wide power supply plane is used then the characteris-
tic impedance Zc is approximately 8 Ω. Two simulations have 
been carried out for this stack-up. The first one was with a 
resistive source and load impedance, Zs=5 Ω  and Zl=100 Ω 
respectively. The second was with additional capacitive 
source and load impedances of 10 nF. The noise voltage de-
veloped in the ground plane is shown in Figure 2, using (3). 
The simulation with a circuit analysis tool gave the same re-
sult.  
A simulation using a 3 mm wide supply track has been car-
ried out too. Then the characteristic impedance is 50 Ω. The 
noise voltage is also drawn in Figure 2. 
A capacitive loads results in a highly resonant behavior. Re-
sistive source and load impedances damp the resonances. But 
if a power supply track instead of a power supply plane is 
used the noise voltage amplitude is decreased over the whole 
frequency range. 
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Figure 2: Noise voltage for a supply plane with resistive and   
capacitive termination, and the supply track situation. 
EXPERIMENTS WITH PCB TRANSMISSION LINES 
Measurements have been carried out to validate the power 
isolation concept. A 20 MHz clock generator was placed on a 
50 mm wide ground plane. The output was loaded with a   
470 Ω resistor parallel with a 22 nF capacitor and both con-
nected to the ground plane. The clock generator was supplied 
via a 50 mm wide VCC supply plane. The supply was taken 
from a 9V battery which was stabilised by a 78L05 voltage 
stabiliser. The radiated electric field strength has been meas-
ured at 20 MHz, 40 MHz, 60 MHz etc.  
Several variants have been implemented: 
1. Supply via a plane, no decoupling. 
2. Supply via a track, no decoupling 
VCC 
GND 
3. Track, decoupling capacitor near clock. 
4. Track, series inductance and decoupling capacitor. 
Results are shown in Figure 3. 
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Figure 3: Electric field strength of a basic test PCB with power 
planes and tracks 
The effect of preventing the power supply current to flow 
through the ground plane is obvious when comparing the 
measured data; A reduction of the field strength of approxi-
mately 50 dB can be observed. The influence of resonances, 
peaks around 100 and 200 MHz, can be seen. 
EXPERIMENTS WITH PCB WOTH CLOCK AND DRIVER IC 
A power supply (LM340-5 and capacitors), a clock generator, 
an octal driver (74ACT541) and an actual load (8 SMD resis-
tors) are placed on a printed circuit board (PCB), as shown in 
Figure 4 and 5. The power supply was via a ground plane 
(Figure 4) and a power track (Figure 5). For reference, a PCB 
with signal traces above a ground plane has been measured 
too. The radiated emission level has been measured with an 
absorbing clamp. To reduce external influences the PCBs 
were placed in metallic box.  
Measurements have been performed at every 10 MHz har-
monic between 10 MHz and 3000 MHz. The measured power 
is shown in Figure 7. It shows 
? PCB with signal track above a ground plane, so that the 
ground plane conducts the momentary return current, 
which causes a noise voltage, and the noise volatge caus-
ing an antenna current in the attached wire. 
? PCB with power plane, wich conducts only a limited 
amount of the momentary current current due to the local 
decoupling capacitor+resistor. 
? PCB with power track, wich again conducts only a limited 
amount of the momentary current current due to the local 
decoupling capacitor+resistor. 
The curves show the measured power, with the absorbing 
clamp, at 10 MHz intervals (thin line). A 2-point moving av-
erage curve (thick line) has been added for readability. Note 
that in this measurement the devices have been decoupled 
properly, so that only a limited amount of momentary (high-
frequency) current is flowing through the power plane/track. 
The beneficial effect of power tracks instead of planes, as 
shown in Figure 7, is obvious. 
 
 
 
 
Figure 4: Printed circuit board 1, power plane 
 
 
Figure 5: Printed circuit board 2, power track 
  
Figure 7: Antenna currents measured with an absorbing clamp 
of a PCB with signal tracks above a ground plane, a PCB with 
power plane and a PCB with power track 
POWER AND SIGNAL INTEGRITY 
Power planes are an established issue and many people be-
lieve in the positive effects of power planes. By removing 
power planes, you are removing confidence in the EMC per-
formance, and especially the power and signal integrity per-
formance. Many people believe that the power plane - ground 
plane combination is an excellent high frequency capacitor 
which is very efficient for decoupling purposes. A capacitor 
is however nothing more than a storage facility of charge, i.e 
electrons. If energy is needed, these electrons have to travel. 
The speed of electrons in a PCB is approximately 1.5 108 m/s. 
If a circuit needs energy during its rise-time, in say 100 ps, 
then electrons within a distance of 15 mm are capable to de-
liver the energy! A large power plane has thus limited effect 
in delivering high speed energy. 
Seeing is believing. The quality of the output signal of the 
driver IC was measured, for the power plane and the power 
track delivery network. The results are very promising: the 
large scale effects shown in Figure 8 show a very similar re-
sult for both track and plane, and even a suggestion that the 
signal track situation delivers faster the signal to the load. 
This is confirmed in the detailed Figure 9. The power track 
gives a very nice output signal of the driver IC, towards the 
load. 
 
Figure 8: Signal integrity 
 
Figure 9: Signal integrity 
The impact on the quality of the power supply has been meas-
ured too, shown in Figure 10. The power plane without addi-
tional decoupling or local stabilization capacitor is worse. The 
power plane with a 10 Ω resistor and 47 nF capacitor is best, 
the signal track is second. 
 
Figure 10: Power integrity 
DECOUPLING 
It is already mentioned that the power–ground plane structure 
is not adequate in terms of speed to deliver the energy needed 
by modern electronic (digital) circuitry. It is however also not 
adequate in terms of amount of energy. Assume the area be-
low a device with some extra space, say 30 x 30 mm. The 
distance between the planes could be something like 100 µm. 
The capacitive effect for this area is then something like 200 
pF for FR-4 permittivity. A driver IC can drive loads of 10 
nF, so it is obvious that the energy in the power-ground plane 
structure is inadequate. We need local decoupling capacitors. 
A better term would be local stabilisation, because the capaci-
tor stabilises the power supply on a fixed level. Decoupling is 
more on preventing the power current to flow through the 
whole system. We should focus on a minimum stabilisation 
for power quality and a maximum decoupling for reduced 
radiated emission. The impact of decoupling and the use of 
power track and planes on the unwanted radiated emission 
have been measured. Results are shown in Figure 11.  
The power track PCB shows the lowest radiated emission. 
The power plane PCB all result in higher emission levels. The 
plane PCB with a local stabilizing capacitor of 47 nF and a 
series decoupling resistor of 10 Ω gives the lowest emission 
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noise
level. The worse the stabilizer and decoupling, the higher the 
emission level. This effect is expected, because the higher the 
high-frequency power current, the higher the noise voltage, 
and the higher the emission level, see equation (3). 
Note the difference in measured values: over 60 dB. 
 
Figure 11: Effect of decoupling on EMI 
CONCLUSION 
The noise voltage, the main cause of unwanted radiated elec-
tromagnetic fields, can be reduced by creating geometrically 
asymmetric transmission lines. This asymmetry should also 
be used for power supply systems. This will imply the re-
moval of power planes. The beneficial effect on the noise 
voltage due to the skipped power supply plane has been ana-
lysed. Simulation results confirm the advantageous effect. 
Several radiated electric field measurements have been per-
formed, showing a huge reduction of the radiated emission 
levels. The effect on the integrity of the functional signals and 
the power integrity has been investigated experimentally. The 
signals and power supply are not distorted when using tracks 
instead of planes. The effect of various decoupling topologies 
on the radiated emission has been measured showing again 
that the supply track topology is better compared to the sup-
ply plane. It has been shown that the power and signal integ-
rity can be maintained when using power tracks instead of 
planes and still reduce unwanted electromagnetic emission 
considerably. 
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